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Comprehensive vascular imaging using optical coherence tomography-based angiography and photoacoustic tomography Behrooz The epidermis is the outermost layer of skin. Volar skin is characterized histologically by a thick cornified layer and a prominent undulate pattern of epidermal rete ridges and dermal papillae, which ensure a tight junction of the epidermis and the dermis. 1 The superficial vascular plexus consists of a network of vessels that are parallel to the skin surface. Hairpinshaped capillaries from vessels of the superficial plexus loop into the dermal papillae. 1 Through the permeable wall of capillaries metabolic substances are delivered to and transported from the avascular epidermis. 2 The vasculature of the superficial plexus and especially postcapillary venules are the principal sites of pathologic changes in most inflammatory skin diseases. 3 For instance, abnormalities in these vessels have significant and active impact on pathogenesis of psoriasis 4 which is characterized by tortuous and dilated vessels in the papillary dermis. 5 During remission after photochemotheraphy with oral psoralen, psoriasis lesions exhibit shortening of capillary loops due to reversion from venous capillary to arterial capillary. 6 Videocapillaroscopy and dermatoscopy have been used successfully to monitor treatment effects because the morphologic changes of capillaries in the papillary dermis mirror the evolution and involution of psoriasis plaques during and after therapy. 7, 8 Archid et al. 7 reported confocal laser-scanning microscopy (CLSM) of capillaries. CLSM has a high axial resolution of 5 μm and a lateral resolution between 1 and 3 μm. However, it has limited penetration and low sensitivity to blood particles and therefore is not suitable for imaging capillaries in the dermis. Photoacoustic maging (PAI), based on optical absorption of light, has superb sensitivity to hemoglobin in red blood cells. 9 Optical-resolution photoacoustic microscopy (OR-PAM) uses a focused beam for excitation and provides high resolution with the tradeoff of imaging depth, whereas photoacoustic tomography (PAT) uses a diffused excitation beam and has deeper imaging depth. 9 A recent publication 10 demonstrated the capabilities of a dual-modality PAT/optical coherence tomography (OCT) system in imaging various dermatological diseases. Benefiting from the light absorption properties of blood and structural deformation due to dermatological lesions, several abnormalities were imaged. The reported system visualized major blood vessels. Several other studies have shown vascular network in volar skin using PAI, [11] [12] [13] but most of them use piezoelectric transducers and lack the sensitivity to adequately visualize the capillaries in the papillary dermis. This shortcoming in discerning the finer capillaries in the papillary dermis motivates the current study.
Van Es et al. 13 reported a finger imaging PAT system and presented images from a healthy volunteer. The system could detect PA signals from the capillaries in the dermal papillae but could not visualize the capillary network. Aguirre et al.
images of the collection of capillaries in the papillary dermis. However, their systems were incapable of visualizing individual capillaries.
OCT-based angiography (OCTA) is an extension of OCT that can easily visualize vascular structure down to the level of capillaries in human skin. 11, [14] [15] [16] The contrast in OCTA is based on moving scatterers in blood. 17 The high lateral resolution and deep imaging depth make OCTA a strong competitor to PAM when it comes to imaging capillaries in skin. Especially when we notice that in spite of the success of OR-PAM in vasculature imaging preclinically, to the authors' knowledge, it has not been demonstrated clinically in human skin imaging, which could be attributed to the current configurations of standard OR-PAM being not optimal for in vivo clinical applications.
A particular advantage of OCTA is the short imaging time, which permits in vivo applications in a much faster manner.
Stepper motor-based PAM systems do not meet the critical time requirement in many preclinical and clinical applications. Fast PAM systems were proposed but all have limitations for certain dermatological applications. Fast laser-scanning OR-PAM can achieve high imaging speed, but its scanning range is usually about 200 μm laterally. 18 Increasing the size of an unfocused transducer to increase the scanning range has the drawback of passively increasing the amplifier input load of the transducer. 18 A water-immersible microelectromechanical systems (MEMS)-based setup was reported. 19 With a volumetric scan rate of 0.8 Hz, i.e., 20 times faster than a voice-coil-based system, its scanned area was limited to 2 mm × 5 mm. In contrast, OCTA can cover an area of 10 mm × 10 mm in just a few seconds. Besides, OCTA as an extension for OCT can provide morphological information simultaneously, and the significance of OCT revealed morphology in dermatological studies has been proven in Ref. 20 .
In this letter, we demonstrate for the first time the advantage of using OCTA in imaging the finer capillaries in the shallower depth and the major blood vessels in the deeper dermis using PAT. Both phase-based and intensity-based angiography are achieved using this OCTA system. Details of the system and its algorithm can be found in Ref. 21 . The light source was centered at 1310 nm (SSOCT-1310 Insight Photonic Solutions, Inc.) with a bandwidth of 37 nm and a sweep rate of 200 kHz. The lateral and axial resolutions of the system were 45 and 26 μm, respectively. The sensitivity of the OCTA system was measured to be 103 dB. The schematic of the PAT system is given in Ref. 10 .
In this study, one healthy subject and three subjects with cutaneous abnormalities were imaged. This study was approved by the ethics committee of the Medical University of Vienna and followed the Declaration of Helsinki. For the healthy subject, skin on top of the thenar eminence area of the palm was imaged with PAT and then with OCTA. The scanned area for PAT was 14.16 mm × 14.16 mm for all the subjects and for OCTA it was 8 mm × 8 mm for the healthy subject and 10 mm × 10 mm for the rest. The total acquisition time was 4.6 min for PAT and about 30 s for OCTA. The number of A-scans and B-scans for OCTA were 512 and 512, respectively. A square was drawn (9) using a marker on the skin to indicate the region to be scanned for both modalities. Figure 1 (a) is a diagram of the vascular network in human volar skin. 22 Notice the dermatoglyphic pattern of ridges and furrows on the surface of the skin and the parallel vessels of the superficial vascular plexus just below the epidermis. Figure 1(c) is MIP PAT image of the capillaries in the papillary dermis, covering the depth range from 0.27 to 0.42 mm. In Fig. 1(d) , the green color map is structural OCT, integrating the same depth range as the PAT image. The bright curves are the epidermal projections that follow the furrows and the darker bands between them are the ridges. This figure demonstrates the coregistration of data from the two modalities. Figure 1 (e) is an overlaid OCTA image (red color map) on the PAT image. Figure 1 (f) is a zoomed in image of the yellow square in Fig. 1(e) . In Fig. 1(e) , the OCTA image reveals finer vessels that are not discernable by PAT. Between two dermal papillae there is a downward projection of the epidermis called crista intermedia, which is situated below the center of the ridges. In the periphery, the dermal papillae are flanked by two epidermal projections that follow the furrows. The vasculature that runs parallel to the skin surface consists of the arterioles of the superficial vascular plexus. The capillary loops in the dermal papilla are composed of an ascending arterial component and a descending venous limb. The venous portion of a capillary loop empties into postcapillary venules of the superficial plexus. The capillaries deliver oxygen and nutrition to the epidermis, which is devoid of vessels. 6 The diameter of individual capillary is too small to be discerned with PAT, but the superficial vascular plexus can be discerned. The OCTA image, on the other hand is capable of resolving smaller vessels. In the OCTA image in Fig. 1(f) , the vessels of the superficial plexus run at the edge of each ridge. The network of capillary loops within each ridge, connected to the larger ones are barely visible as small dots.
The same area imaged with PAT/OCTA was imaged with confocal microscopy after the experiment. The confocal microscopy images detected melanin in the lower part of the epidermis, i.e., stratum Malpighii. The melanin could contribute to the PA signal that is visualized in Figs. 1(c)-1(f) . However, it is known that melanin content of volar skin is relatively low, significantly less than other parts of the skin. 23 On the other hand, the capillary loops in the dermal papillae are located underneath the ridges and the vessels of the superficial vascular plexus run along the ridges. The MIP PAT image of these vessels is confined to the pattern of the ridges. The coregistered PAT and OCT images suggest that parallel lines of Fig. 1(c) correspond to the ridges and therefore we believe that the parallel lines in the PAT images mostly represent hemoglobin and not melanin. Figure 2(a) shows the MIP PAT image integrating the depth range between 0.45 and 1.01 mm. Figure 2(b) shows the overlaid OCTA image. Figure 2(b) shows the maximum effective imaging depth of OCTA in a human palm. Figure 2(c) shows a single frame from the three-dimensional (3-D) rendered video of the coregistered PAT and OCTA data.
Nevus araneus is a benign vascular lesion that can be associated with pregnancy, extra estrogen, or poor liver function. It is distinguished by a central papule and a network of feeding capillaries with a radial pattern. Figure 3 shows the results acquired by imaging a subject with nevus araneus on the dorsum of the hand. Figure 3(a) is a depth-color coded MIP image integrating the depth range from 0.64 to 3.00 mm. Figure 3(b) is an MIP PAT image integrating the depth range from 623 to 940 μm. In Fig. 3(c) , the OCTA image of the corresponding depth range is overlaid on the PAT image of Fig. 3(b) , showing the depth overlap of the two modalities. The corresponding blood vessels in the two modalities are marked with yellow arrows 1 and 2. Cherry angioma manifests itself with benign dilation of blood vessels or proliferation of endothelial cells. They are often single or multiple small, cherry red papules. Figure 4 shows the results of imaging cherry angioma on an upper arm in vivo. we can see that the abnormality exists only on the surface of the skin and does not span in depth. The feature seen in en face OCTA images in depth, e.g., Fig. 4 (f) is due to a shadowing artifact in OCTA. Figure 4 (g) is a photograph of the imaged site on the upper arm of the subject. Figure 5 shows the results of imaging an upper dermis angioma located on the upper leg of a human subject. Clinical image shows a flat blue lesion. Figure 5 (a) shows a depth-color coded MIP PAT image integrating the depth range from 380 to 1500 μm. The angioma is seen as a bright oval spot roughly in the center of the image at the depth of ∼500 μm below skin surface. Figures 5(b) and 5(c) are images of PAT and OCTA overlaid on PAT, respectively. In these figures, the vessels that are visualized by both modalities are marked with yellow arrows from 1 to 3. While OCTA is capable of discerning dense mesh of finer vessels in the area of the angioma, in PAT this mesh is visualized featuring an oval shape. Figure 5(d) is the OCTA showing a depth range from 364 to 390 μm. Figure 5(e) is the photograph of the imaged site.
A broad variety of dermatologic diseases leads to microangiopathic changes. OCTA applied to skin showed characteristic patterns for skin pathologies such as basal cell carcinoma or psoriasis. 16 In addition to inflammatory diseases such as cutaneous vasculitis, autoimmune disorders like Raynaud's phenomenon or connective tissue diseases are also associated with microvascular changes. 24 Diabetes mellitus, a very common metabolic disorder, affects the vasculature of skin and leads to microangiopathy 25 which affects the dermal blood flow and leads to skin ulcerations and impaired wound healing. 26 OCT can provide structural information and visualize morphological changes in skin. OCTA enables label free visualization of small vessels and is complementary to PAT. An axial range with effective blood vessel visualization for OCTA was found to be about 996 μm. Although the current scan lens (Thorlabs, LSM04 with center wavelength of 1315 nm and a mean spot size of 35 μm) does not permit fine lateral resolution comparable to the diameter of capillary loops, as long as the decorrelation caused by capillary blood flow passes the lower threshold in the reconstruction algorithm, the microvasculature can still be visualized with broadened diameter. 27 In the literature, the diameter of capillaries is 4 to 8 μm and 10 to 30 μm for postcapillary venules. 1 This artificial broadening of microvasculature was measured to be roughly six times for capillaries and three times for postcapillary venules. PAT and OCTA together can reveal the overall vascular network. Here we showed how OCTA is capable of visualizing the superficial vascular plexus and the capillaries in the papillary dermis. We also showed the depth-range overlap of PAT and OCTA. In Fig. 4 , results of imaging cherry angioma were presented. This abnormality was at the surface of skin. A drawback of OCTA is a shadow artifact of vessels. In en face images of OCTA at different depths, we can see the identical spot that is the shadow of the angioma at the surface. On the other hand, PAT is more resilient to a shadow artifact. The PAT image of deeper depth in Fig. 4(b) confirms that the angioma does not have depth profile.
Even though the PAT/OCT combined system has been demonstrated for clinical use previously, 10 phased-based angiography was not possible with the previous system. This work proves the potential to use a phase stable akinetic swept source OCT for microvasculature visualization, which initiates our future work to design a trimodality combined PAT/OCT/OCTA system for human skin vasculature imaging.
To the best of our knowledge, we presented here for the first time in vivo images of the capillaries of human palm with great details using OCTA along with the larger vessels of deeper depth using PAT. In the near future, this may help provide valuable information for microvascular perfusion which can thereon enable a noninvasive and fast assessment for a spectrum of skin diseases with vascular malformation. Jessika Weingast is a board-certified dermatologist and is currently completing her PhD thesis on the relevance of OCT as noninvasive diagnostic tool in nonmelanoma skin cancer.
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